The ' intracellular' teichoic acids from two strains of group D streptococci (strains 8191, 39) were purified and their serological and chemical properties examined. Both compounds reacted serologically with group D streptococcal antiserum. Chemical analysis showed them to be polymers of glycerol phosphate containing a high proportion of glucose and bearing alanine ester residues on the sugar; it is likely that the glucose comprises di-and tri-saccharide residues attached to most or all of the glycerol units.
INTRODUCTION
Most streptococci of intestinal origin fall into a single serological group, Lancefield's group D. Whereas in group A streptococci cell-wall polysaccharides have been shown to be the group antigens (Salton, 1953; McCarty, 1952 McCarty, , 1960 , in group D streptococci wall material confers type-rather than group-serological specificity (Elliott, 1959) . In a recent communication (Elliott, 1962) it was suggested that the group D antigen is probably a polymer of glucosylglycerol phosphate. Polymers of either ribitol-or glycerol phosphate, often containing sugars in glycosidic linkage with the polyol moieties, have been isolated from a wide range of Gram-positive bacteria; such compounds have been called teichoic acids (Armstrong et al. 1958 (Armstrong et al. , 1959 ). An immunologically active polymer of glycerol phosphate has been isolated from group A streptococci by McCarty (1959). Ribitol teichoic acids in the walls of some staphylococci are responsible for the immunological group specificity in these organisms (Haukenes, Ellwood, Baddiley & Oeding, 196l) , and a relationship between serological behaviour and teichoic acids in the walls of lactobacilli has been proposed (Baddiley & Davison, 1961) . The present communication confirms the identity of streptococcal group D antigen with intracellular teichoic acid. Moreover, it is likely that slight differences in the serological activity of the intracellular teichoic acids isolated from different strains are reflected by, and may be due to, differences in chemical composition.
washed with 0.95 % sodium chloride solution a t 0'. The washed cocci were resuspended in cold distilled water (25 g. wet weight in 100 ml. water) and disrupted with Ballotini beads in a centrifuge shaker head (Shockman, Kolb & Toennies, 1957) a t 1400 rev./min. for 30 min. After removal of the Ballotini beads by filtration through a no. 1 sintered glass funnel, the suspension was centrifuged at 3500 rev./min. for 30 min. The cloudy supernatant fluid was separated from the lower layers of particulate material, the latter comprising whole cocci, cell walls and a fairly mobile layer of disintegrated cell walls and other material. Further centrifugation of the supernatant fluid a t 29,000 rev./min. for 60 min. in a Spinco Model L preparative ultracentrifuge gave a clear gel (equiv. 2-3 g. dry wt. from 15 1. culture). Examination, by acid hydrolysis and paper chromatography, of freezedried samples of the various fractions showed that most of the glycerol teichoic acid was present in the gel fraction. The supernatant fluid from the 29,000 rev./min. centrifugation contained a small amount of glycerol teichoic acid as well as a little ribitol phosphate polymer that is normally found in the walls of these organisms (J. J. Armstrong, J. Baddiley & A. J. Wicken; unpublished observations). The mobile layer of disintegrated walls also contained small quantities of a similar admixture of the two types of polymer.
The freeze-dried precipitated gel fractions contained, in addition to the glycerol teichoic acids, protein and nucleic acid, the latter accounting for about 98 yo of the material. Removal of protein and much of the nucleic acid was effected by stirring a suspension of the dry gel in 10 yo (v/v) Final purification of the teichoic acid was achieved by chromatography on Sephadex G. 75 (Pharmacia, Sweden). Crude teichoic acid (274 mg.) in a little water was neutralized with dilute ammonia to pH 6.8 and applied to a column (60 cm. x 2-5 cm.) of Sephadex G. 75 (previously allowed to swell in water and washed with 0*05~-sodium chloride solution and then with water until free from chloride ions). Elution with water a t an initial rate of 0.8 ml./min. was carried out while fractions (2.5 ml.) were collected with a Towers Automatic Fraction Collector (Model A). The extinction at 260 mp and phosphorus content of each fraction were determined.
Typically, two peaks corresponding to material absorbing ultraviolet radiation were observed from a fully developed chromatogram; a sharp peak corresponding to components with high molecular weight immediately followed the solvent front and a very broad peak corresponding to nucleotides with lower molecular weight was observed after 150 ml. water had passed through the column. Teichoic acid was eluted between these two fractions and was contaminated with the slower moving nucleotides. Repeated chromatography of the teichoic acid fraction on Sephadex G . 75 as above gave further partial separation from nucleotides. The purest samples (10-15 mg. from 1 g. gel) of teichoic acid obtained in this way contained 0.3 % of material which absorbed U.V. radiation.
Chromatography of the crude teichoic acid from strain 39 gave a similar elution pattern, except that the extent of contamination of the teichoic acid with nucleotides was slightly greater than in the case of strain 8191; this supports the view that the teichoic acid from strain 39 has a lower molecular weight than that from strain 8191. Thus, yields of the purest fractions were lower and contained 2 yo of material which absorbed U.V. radiation.
Chemical examination of teichoic acids. Acid and alkali hydrolysis and paper chromatographic identification of the products were carried out essentially as described previously for other teichoic acids (cf. Archibald, Baddiley & Buchanan, 1961; Armstrong et al. 1958) . Organic phosphate was determined by the method of Chen, Toribara & Warner (1956) and glucose by the method of Dubois et al. (1956) . Alanine was determined in neutralized acid hydrolysates by the method of Rosen (1957) . The presence of alanine ester residues was demonstrated by reaction with ammonia or hydroxylamine (Armstrong et al. 1958) . D-Glucose was demonstrated chromatographically with the Glucostat reagent ( Worthington Biochemical Corp., Freehold, N.J., U.S.A.) as a spray reagent (Salton,1960) . shown previously (Elliott, 1962) that no reaction occurred between the group D antiserum and the polyglyceropliosphate antigen from group A streptococci (McCarty, 1959) . With all the S . faecalis antisera used, teichoic acid from strain 8191 had about 10 yo of the reactivity of that isolated from the other group D strains examined. No group antiserum prepared with strain 8191 was available for comparison.
RESULTS

Serological reactivity
Precipitin reactions in agar gel. The difference in serological reactivity of teichoic acids isolated from strain 8191 and from the other group D streptococci was further examined by carrying out the precipitin tests in agar gel (Ouchterlony's method).
Drawings of the results with serum R 986 are shown in Fig. 1 ; identical patterns were produced with the other group D antisera. A continuous 'line of identity' was formed by the zone of precipitation resulting from the interaction of group D antiserum with the group D antigen preparations from strains c 1 and D 76 (Streptococcus faecalis); strain c 3 ( S . durans) and the purified teichoic acid from strain 39 (8. faecalis). This indicates probable identity of the serologically reactive determinants in these preparations. It should be mentioned that all strains had serologically distinct cell-wall carbohydrates, On the other hand, intracellular teichoic acid from strain 8191 formed with the antiserum a weak zone of precipitation which was not continuous with that produced by teichoic acid from strain 39. The two lines approached one another at an angle but did not cross, although the strain 39 precipitate continued in the form of a spur into the surrounding agar. Teichoic
acid from strain 8191 did not form a line of precipitation when used at concentra tions of less than 1.0 mg./ml.
Chemistry of ifitracellular teichoic acids from streptococcal strains 39 and 81 91 Table 2 shows qualitatively the products of acid and alkali hydrolysis of the teichoic acids, identified by paper chromatography with reference to known standards. Table 3 gives the molar ratios of glucose, alanine and phosphorus in the purified polymers. 
DISCUSSION
Acid hydrolysis of a glycerol phosphate polymer occurs randomly on either side of the phosphodiester linkages, giving a mixture of glycerol, its mono-and diphosphates, and inorganic phosphate; substituents such as glucose and alanine would appear as free glucose and amino acid, respectively. These products were found after acid hydrolysis of the purified teichoic acids from streptococcal strains 8191 and 39 ( Table 2) . On the other hand, alkali hydrolysis can only proceed through intermediate formation of cyclic phosphates involving free polyol hydroxyl groups (cf. Kelemen & Baddiley, 1961; and others). As glycosidic linkages are relatively stable towards alkali, a glycerol phosphate polymer bearing sugar on each glycerol would not be hydrolysed with alkali. It was found that these two teichoic acids were largely or entirely unaffected by alkali, suggesting that most of the glycerol moieties were substituted with glucose; this is also supported by the high glucose: phosphorus ratio in these preparations (Table 3) . It is interesting that strain 8191 contains a small amount of L-lysine, in addition to D-alanine. Evidence to be presented elsewhere indicates that the lysine is in ester linkage in the teichoic acid. Amino acid ester linkages other than those involving alanine have not been observed in teichoic acids before.
In all teichoic acids previously examined D-alanine is in ester linkage with polyol hydroxyl groups. From the above considerations it would appear that in the two teichoic acids under discussion few or no glycerol hydroxyl groups would be available for substitution with alanine; thus these polymers do not conform to the general pattern. Presumably, amino acid residues in these polymers must be in ester linkage with glucose hydroxyl groups,
The products of acid hydrolysis of the group D antigens extracted from steptococcal strains c l , c3, and ~7 6 have already been reported (Elliott, 1962) , and indicate the presence in these extracts of teichoic acids similar to those extracted and purified from strains 8191 and 39. Their alkali stability and high glucose content resembled the teichoic acids from the other strains. Alanine ester residues were not demonstrated in the earlier extracts, but aminoacyl esters are exceptionally labile, especially above pH 7, and it is probable that they were hydrolysed during extraction (Elliott, 1960) In teichoic acids from staphylococci, the presence or absence of alanyl ester residues did not affect their immunological specificity (Haukenes   et al. 1961) , and from the present results it would also appear that alanine is not involved in the immunological properties of the polymers from group D streptococci.
Immunological identity between preparations of the group D antigen from strains c 1, c3, and D 76, and purified teichoic acid from strain 39, was shown by the capillary precipitin technique ( Table 1 ) and more particularly by the Ouchterlony plate method (Fig. 1) where a continuous 'line of identity' was formed by the zone of precipitation. Thus, it is concluded that the intracellular glycerol teichoic acids in these strains are responsible for the group serological activity.
The lower reactivity of the teichoic acid from strain 8191 with Streptococcus faecalis antisera, and the differences in the Ouchterlony plate pattern as compared with the teichoic acids from the other strains, was interesting. It is possible that the preparations have common determinants, but that strain 8191 lacks additional determinants present in the teichoic acid of the other strains. Chemically there is a striking difference in the g1ucose:phosphorus ratio of the teichoic acid from strain 8191 as compared with the ratios in other strains. The high glucose content of all these preparations suggested that the polymers might be substituted with dior tri-saccharides of D-glucose. Experiments on partial hydrolysis with acid indicate the presence of kojitriose residues in the teichoic acid from strain 8191 and kojibiose residues in strain 39 (Wicken & Baddiley, 1963) .
It is likely that the immunological specificity of these antigens resides mainly in the carbohydrate portion of the molecule. Thus, no reaction occurs between group D antisera and the polyglycerophosphate antigen from group A streptococci (Elliott, 1962) ; this antigen appears to be a glycerol phosphate polymer with little or no sugar residues (McCarty, 1959) . On the other hand, high concentrations of group D antigen precipitate with group A antisera, suggesting that the pol yo1 phosphate chain of the polymer has a role as an immunological, determinant; both purified teichoic acids were homogeneous on Sephadex chromatography, paper electrophoresis and DEAE-cellulose (Wicken & Baddiley, 1963) , so it is unlikely that the preparations were mixtures containing small amounts of the group A glycerol phosphate polymer.
A carbohydrate with type antigenic properties has been isolated from group D streptococcal walls (Elliott, 1960) . Chemical studies indicate that the walls of strain 8191 contain a ribitol teichoic acid and a soluble polysaccharide which have SO far resisted all attempts at complete separation (J. J. Armstrong, A. J. Wicken and J. Baddiley, unpublished) . Further work on the purification of this ribitol teichoic acid should assist in the chemical characterization of the type antigen.
The exact location of the group D antigen is of some interest. Although it was known not to be in the wall, unequivocal evidence for its presence exclusively I 6-2
